Currently, numerous hydrogels are under examination as potential nucleus replacements. The clinical success, however, depends on how well the mechanical function of the host structure is restored. This study aimed to evaluate the extent to and mechanisms by which surgery for nucleus replacements influence the mechanical behaviour of the disc. The effects of an annulus defect with and without nucleus replacement on disc height and nucleus pressure were measured using 24 ovine motion segments. The following cases were considered: intact; annulus incision repaired by suture and glue; annulus incision with removal and re-implantation of nucleus tissue repaired by suture and glue or plug. To identify the likely mechanisms observed in vitro, a finite-element model of a human disc (L4-L5) was employed. Both studies were subjected to physiological cycles of compression and recovery. A repaired annulus defect did not influence the disc behaviour in vitro, whereas additional nucleus removal and replacement substantially decreased disc stiffness and nucleus pressure. Model predictions demonstrated the substantial effects of reductions in replaced nucleus water content, bulk modulus and osmotic potential on disc height loss and pressure, similar to measurements. In these events, the compression load transfer in the disc markedly altered by substantially increasing the load on the annulus when compared with the nucleus. The success of hydrogels for nucleus replacements is not only dependent on the implant material itself but also on the restoration of the environment perturbed during surgery. The substantial effects on the disc response of disruptions owing to nucleus replacements can be simulated by reduced nucleus water content, elastic modulus and osmotic potential.
INTRODUCTION
More than 80 per cent of the population in industrialized countries have back pain at some time during their lives, which affects their quality of life and the workforce [1] . Low back pain most frequently occurs between ages 30 and 50 and therefore has enormous global socioeconomic and healthcare consequences. Back pain is strongly associated with degeneration of the intervertebral disc [2] . The intervertebral disc supports large loads and permits multi-axial motions of the spine. These demanding mechanical functions are supported by its complex structure that includes the nucleus pulposus at the centre surrounded by the highly organized lamellar annulus fibrosus at the periphery and cartilaginous endplates at both ends. With degeneration, the disc undergoes major changes in its composition that alter its normal mechanical function [3, 4] , which possibly leads to the emergence of low back pain. The disc degeneration process often starts in the nucleus space by decreasing its proteoglycan concentration and fluid content while increasing its unorganized collagen content.
Depending on the degree of degeneration, patients may face moderately invasive surgery, such as partial discectomy and laminectomy, or more invasive interventions, such as fusion or total disc replacements. Even moderate interventions are associated with complications involving disc height reduction and instabilities. Therefore, an optimal solution at the early stages of degeneration should focus on the structural and biomechanical restoration of the disc nucleus by minimally invasive surgery.
During the last decade, better understanding of the intervertebral disc function and technical advancements in the field of tissue engineering have resulted in numerous strategies to replace or regenerate the nucleus pulposus for the treatment of low back pain in the early stages of disc degeneration [5, 6] . While hydrogels are considered as one of the most promising solutions [7] , nevertheless no procedure has yet been recognized as a clinically proven effective therapy.
An optimal replacement or regeneration therapy of the nucleus should bring about an environment that *Author for correspondence (hendrik.schmidt@charite.de).
closely replicates the physiological strains and stresses in a non-degenerate disc. As an example, fluid flow is essential for the normal biomechanical function of the disc as well as the survival of disc cells. Owing to the mechanical interactions between the disc nucleus and surrounding spinal structures, a successful strategy should aim to reproduce near-normal conditions for not only the nucleus itself but also the entire motion segment.
Located at the disc centre, the nucleus pulposus is enclosed by and integrated with strong annulus fibrosus layers on its periphery and endplates at the top and bottom. Material continuity at the interfaces allows for the support and transmission of tensile and shear stresses. After nucleotomy and implantation of a nucleus replacement, this interface is, however, destroyed. Furthermore, the mechanical function of the entire disc is directly dependent on the annulus integrity that is partially compromised during the replacement procedure. Extrusion of the implanted material is also of major concern for nucleus replacement strategies [8, 9] as an effective sealant of the entire annulus defect width cannot be guaranteed, in particular in the inaccessible inner annulus regions. Owing to this inferior quality of the repaired annulus, forces caused by a high nucleus pressure may not be supported, in which case the implant material squeezes out of the nucleus cavity into the inner annulus defect. Both the destruction of the interface and the gaping of the inner annulus defect are likely, therefore, to compromise the mechanical integrity of the whole disc. Currently, however, the influence of each of these disruptions on the mechanical function of the disc remains unknown.
In this study, the extent of the foregoing alterations in disc biomechanics is investigated by both in vitro measurements and finite-element (FE) model studies. The in vitro part focuses on whether (i) a given annulus defect with or without the destruction of the annulusnucleus interface has a mechanical effect on the disc height loss and nucleus pressure and (ii) the re-implantation of the native nucleus, representing the design of an ideal nucleus replacement strategy, has the ability to restore the biomechanical behaviour to a level comparable to that of the intact disc. To complement measurements, FE model studies simulating different re-implantation conditions are also performed in order to identify the underlying mechanisms observed in vitro.
MATERIAL AND METHODS

In vitro: specimen preparation
Twenty-four motion segments (12 Â L2-L3, 12 Â L4-L5) from adult merino sheep (3 -6 years old) were harvested and stored at -208C. These motion segments were stripped of muscles and soft tissues, preserving ligaments, capsules of facet joints and intervertebral discs. Following preparation, the motion segments were embedded in polymethylmethacrylate (PMMA, Technovit 3040, Heraeus Kulzer, Werheim, Germany) on the proximal end of the cranial and distal end of the caudal vertebrae. The upper and lower PMMA surfaces were aligned parallel to each other and to the disc midplane. Via a metal flange on the bottom of the lower PMMA block, specimens were fixed into an electromechanical material-testing machine (Z010, Zwick GmbH & Co. KG, Ulm, Germany; figure 1a). The axial force was regulated by a 1 kN load cell and applied without any sagittal rotation by a fixed-angle stamp. To measure the intradiscal pressure (IDP), a pressure sensor (Ø1.45 mm, FMSPEZ50, Mammendorfer Institut fü r Physik und Medizin GmbH, Mammendorf, Germany) was inserted into the centre of each nucleus. The output signal was transmitted via telemetry (Biotel 33 hybrid, Glonner Electronic GmbH, Martinsried, Germany), through a measuring amplifier (DMCplus; HBM Hottinger Baldwin Messtechnik, Darmstadt, Germany) and recorded at 50 Hz. During mechanical testing, specimens were placed in a bath with physiological buffered saline solution at room temperature. Owing to the long duration of experiments, each specimen was tested only once.
In vitro: test groups
The following cases were considered in the current in vitro studies (table 1): (i) INTACT (n ¼ 6): the nucleus and annulus were left intact (except for the minor damage caused by inserting the pressure transducer that occurred in all specimen groups). (ii) Annulus defect (DEF-ANN, n ¼ 6): a small oblique incision through the whole annulus depth was set at the left lateral position (approx. 4 mm wide). The nucleus itself was not affected by this defect. The access was subsequently closed by sealing the incision with a mattress suture and cyanoacrylate glue. (iii) Nucleus replacement (REPL-SG, n ¼ 6): nucleus tissue was removed in pieces from the disc (total masses are given in table 1) using rongeurs with straight and flexed jaws of 1 and 1.5 mm size, respectively. The removed material was preserved for approximately 10 min in an airtight tube. Subsequently, the explanted nucleus tissue was completely re-implanted. The annulus defect was closed as in (ii) by suture and glue (SG). (iv) Annulus closure devices (REPL-CD, n ¼ 6): in contrast to (iii), the annulus defect was closed by a hollow mushroom-shaped balloon plug made of polyurethane that was inserted into the annulus opening until the head of the plug was inside the nucleus cavity. This was intended to avoid squeezing the nucleus material out into the defect. After fixation of the plug with SG, the closure device (CD) was filled with silicone.
In vitro: loading protocol
Specimens were subjected to three loading cycles. While the first cycle was used for pre-conditioning, the second and third cycles were used for data analysis. Each loading cycle consisted of a 15 min diurnal load under an axial compression of 130 N and a recovery period of 30 min (night load) at 58 N (figure 1b). These physiological loads were estimated based on an earlier in vivo study on the measurement of intervertebral disc (IVD) pressure in sheep [10] . Load application and release were performed at 30 N s 21 .
In vitro: statistics
For the compression test, disc height loss was adjusted relative to 58 N at the end of the first loading cycle. Differences at the end of each loading and recovery phase were tested using the unpaired, two-sample Wilcoxon signed-rank test ( p , 0.05). Statistics was performed using GNU R (R Development Core [11] ).
In silico: mesh generation
A previously developed biphasic, nonlinear, symmetric FE model of the L4-L5 human lumbar intervertebral disc was used. The model includes nucleus pulposus, inner and outer annulus as well as cartilage and bony endplates (figure 1c). In the annulus, there are 17 criss-crossed fibre layers in the radial direction in which each layer is defined with a nonlinear stress -strain relationship [12] .
In silico: material properties
The disc is modelled using an osmoelastic material consisting of a fluid phase and a fully saturated neoHookean porous solid phase. The material model was described in previous studies [13] .
In silico: boundary and loading conditions
Because the model geometry and material properties are based on the human disc, the load magnitudes for the diurnal and night periods were adapted to the corresponding load magnitudes of 500 and 100 N, respectively, found in human lumbar spines in vivo [14] . Following a pre-conditioning cycle, which included a swelling phase until equilibrium (approx. 28 h), three loading cycles were applied similar to those in vitro (figure 1b) with the sagittal rotation constrained.
In silico: test groups
(1) INTACT FE-PERM describes the above-mentioned FE model, which was initially validated with 
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human in vivo pressure and displacement measurements [12] . Another intact model was created by blocking fluid inflow (INTACT FE-BLOCKED ) in an attempt to simulate the observation in in vitro models of the virtual absence of fluid flow into the disc during recovery phases [15] [16] [17] . This was realized by defining the endplate as impermeable during the load release and recovery phases. Both foregoing models were subsequently modified as follows. (2) REPL-100 FE-PERM /REPL-100 FE-BLOCKED : the removed nucleus was completely re-implanted. This model aimed to study the effect of damage at the interface between the nucleus and surrounding tissues. (3) REPL-98 FE-PERM /REPL-98 FE-BLOCKED : a likely loss of nucleus into the annulus defect was modelled by assuming a smaller nucleus volume of 98 per cent resulting in a uniform initial gap of 0.1 mm at the boundary between the nucleus and surrounding tissues. Two different interface conditions were considered at the nucleus periphery: (i) the standard fluid contact condition that ensures continuity of pore pressures on opposite contacting surfaces at all times, which corresponds to a fully saturated gap, and (ii) a zero pore pressure at contacting surfaces that offers no resistance to the permeating fluid. (4) WC-80 FE-PERM /WC-80 FE-BLOCKED : the water content of the re-implanted nucleus tissue was reduced by 20 per cent to account for any desiccation or squeezing out of fluid from the nucleus material during removal and re-implantation in vitro. This was simulated by reducing the total implanted nucleus volume from 100 to 84 per cent, corresponding to a fluid loss of about 20 per cent and resulting in an initial uniform gap of 0.7 mm at the boundary between the nucleus and surrounding tissues. It was further assumed that the collagenproteoglycan compound making up the native nucleus tissue was mechanically damaged during the nucleotomy and re-implantation. For that purpose additional simulations were performed in which the material properties were separately modified. (5) EL-75 FE-PERM /EL-75 FE-BLOCKED : the elastic modulus was reduced by 25 per cent to account for the disruptions in material continuity during removal and re-implantation of the tissue. (6) K-75 FE-PERM /K-75 FE-BLOCKED : the drained solid matrix may become much more compressible after re-implantation. Therefore, the bulk modulus was decreased by 25 per cent. (7) OP-90 FE-PERM /OP-90 FE-BLOCKED : the osmotic potential of the nucleus material was reduced by decreasing the fixed charge density by 10 per cent.
It should be noted that all models in cases (5) - (7) also incorporated the 98 per cent volume model with contact interfaces because they all simulate re-implanted nucleus pulposus material.
In silico: contact conditions
For the interaction between the re-implanted material and the surrounding biological tissues (cases 2 -7), a frictional contact model with a small friction coefficient of 0.01 was used.
RESULTS
In vitro: INTACT
The diurnal load caused a creep response with a steady loss of specimen height. The night load led to only a partial recovery. Equilibrium was almost reached under night load but not under diurnal load. The average height loss after the complete loading protocol was 0.03 mm (approx. 1% of disc height), demonstrating that two recovery intervals of night load did not totally compensate for the loss of height under diurnal load periods (figure 2a). In the first pre-conditioning cycle, the application of 130 and 58 N initially caused IDPs of 0.75 and 0.5 MPa, respectively, that slightly decreased with time over the subsequent loading cycles. During the diurnal loads, the IDP slightly decreased by approximately 3 per cent, whereas it remained almost constant during the night loads (figure 2b).
In vitro: DEF-ANN versus INTACT
The annulus incision (DEF-ANN) caused no significant changes in specimen height or IDP over the two loading cycles (figure 2).
In vitro: REPL-SG versus INTACT
REPL-SG led to a greater mean height loss immediately after load application than did INTACT (figure 3a). This height loss slightly decreased over the two loading cycles; at the end, the height loss was comparable to that found for INTACT, with the differences remaining insignificant. During loading cycles, the IDP significantly dropped on average by approximately 26 per cent between REPL-SG and INTACT (figure 3b). Post-test macroscopic observations showed that the reimplanted nucleus material squeezed out of the nucleus cavity into the inner annulus defect all the way to the stitched outer fibrous annular layers (figure 4).
In vitro: REPL-CD versus INTACT
REPL-CD (figures 4c,d and 5a) behaved similar to REPL-SG regarding the height loss during the diurnal load. For the night load, however, REPL-CD caused a reduced recovery compared with both INTACT and REPL-SG, resulting in a greater height loss at the end of the loading protocol. The balloon plug, in this case, yielded a lower drop in the disc pressure (figure 5b) than did REPL-SG; the differences between REPL-SG and REPL-CD, however, were not significant (p ¼ 0.163-0.456). In vitro and in silico investigations S. Reitmaier et al. 1873
negligible differences compared with REPL-100 FE when considering a fully saturated gap (standard contact) between the nucleus and surrounding tissues. In contrast, and with the free fluid flow out of the nucleus into the gap and not into the opposite tissue, results deviated from those of both INTACT FE and REPL-100 FE and were found to be in better agreement with in vitro measurements ( figure 6 ). The rise in IDP during recovery was, however, in contrast to in vitro data, which remained almost constant with time. Compared with INTACT, the compressive forces decreased by approximately 20 per cent on the nucleus (figure 6c) but increased on the annulus bulk by approximately 20 per cent (figure 6d) immediately after load application. Owing to the non-restricted fluid outflow, these changes further increased with time during loading periods.
In silico: WC-80 FE
Reduced water content strongly increased the disc height loss (approx. two times larger than that calculated for INTACT FE ; figure 7a ) and decreased the IDP by approximately 60 per cent (figure 7b) during diurnal load. In contrast to REPL-98 FE , the IDP remained almost constant during recovery, which is in agreement with in vitro measurements (figure 3). The axial compression force altered by nearly 80 per cent in the nucleus, where it decreased (figure 7c), and in the annulus, where it increased (figure 7d ). The reduced water content appears to play a significant role in the disc mechanical function after re-implantation in vitro.
In silico: EL-75 FE
During the removal and insertion phases, the continuity of the intact nucleus pulposus is markedly compromised, which could alter its overall mechanical properties. Lower elastic moduli of the solid grains (EL-75 FE ) substantially decreased the disc overall stiffness compared with INTACT FE (figure 7a). The IDP and the compressive forces were also moderately affected (figure 7b-d).
In silico: K-75 FE
The disc height loss and IDP were not markedly affected by a 25 per cent drop in the bulk modulus of the drained solid matrix of the re-implanted nucleus (k : 5.2 ! 3.9 MPa). Results remained nearly the same even with a much smaller bulk modulus (k ¼ 0.1 MPa). 
In silico: OP-90 FE
Compared with INTACT, OP-90 FE led to a slight increase in the disc height loss (figure 8a) and a moderate decrease in the IDP, both occurring only in the creep phase of loading (figure 8b). The compressive forces decreased within the nucleus (figure 8c) and increased within the annulus bulk (figure 8d ) during the entire loading protocol.
DISCUSSION
Replacement of a degenerated or damaged nucleus in the presence of a relatively intact surrounding annulus fibrosus can allow for the restoration of the intervertebral disc and hence near-normal mechanical function of the entire motion segment. Being applicable to a limited population with the foregoing indications, this procedure can be applied either as an early measure to prevent degeneration or as a treatment modality in patients. This study aimed to evaluate the extent to and mechanisms by which such surgical interventions for nucleus replacement influence the mechanical behaviour of the disc. For this purpose and to avoid confounding effects associated with the alterations in the material and structural properties of the replaced material, the denucleated disc was filled in this study with the removed native nucleus material itself. This work hence concentrated on the likely alterations owing to the intervention itself. In vitro results demonstrated that a small annulus defect with an intact nucleus (DEF-ANN) did not affect the height loss and fluid pressurization of the disc. In contrast, subsequent removal and re-implantation of the native nucleus (REPL-SG and -CD) significantly increased the height loss during the creep loading phases and decreased the nucleus pressure in both creep and recovery loading phases. In this study, the isolated annulus defect did not have a significant influence on the disc axial stiffness and central nucleus pressure (figure 2), which could be due partly to the effectiveness of defect sealing by SG and partly also to the rather small loads of up to 130 N chosen in accordance with reported in vivo values [10] . The mean height loss in creep slightly increased whereas the disc pressure slightly decreased. Earlier measurements on the effect on the disc response of annular puncture and injury remain limited and inconclusive, probably because of the dependence of alterations on the specimen tested, needle size, penetration/injury depth, load magnitude, and mechanical parameter investigated [18 -20] . In vitro and in silico investigations S. Reitmaier et al. 1875
The additional disruptions caused by removal and replacement of the host nucleus material, however, substantially altered the segmental response; the axial stiffness and nucleus pressure were both significantly decreased ( figures 3 and 4) . In the in vitro model, with the SG closure of the annular defect (figure 3), nucleus material was observed to have displaced into the defect during loading (figure 4), which is likely to be partially responsible for the foregoing alterations in measurements. Greater changes would have occurred had larger compression forces been applied on specimens. A more effective sealing of the defect by an additional CD in the model REPL-CD reduced the extent of the foregoing changes in the disc axial stiffness and nucleus pressure ( figure 5 ). This demonstrates that the preservation of the disc's overall function following nucleus replacement is only partly dependent on the quality of the closure of the annulus defect in holding the pressurized nucleus in place under applied loads. The substantial changes in response even in the apparent absence of nucleus dislocation into the annular defect (case REPL-CD) in itself highlights additional disruptions that are also in play here.
Removal and replacement of the native nucleus material, even with maximum care to minimize material damage, loss and desiccation, cause major disruptions compared with the intact condition. The tissue continuity within the nucleus space and at the nucleus interfaces with the surrounding annulus and endplate materials is irreparably compromised, which affects, among others, the transfer of shear and tensile stresses at ruptured interfaces. Current in vitro data indicate the substantial fall in axial stiffness and disc pressure following such disruptions (figures 3 and 5). The FE model REPL-100 FE that simulated disruption only at the outer nucleus periphery yielded, however, only a 10 per cent drop in IDP during the creep phases and negligible increases in the disc height loss. In contrast, REPL-98 FE when combined with fluid loss resulted in substantial increases in disc height loss and reductions in IDP during the creep phases of loading. Reductions in the material elastic modulus and swelling potential also, although to a lower extent, had similar effects. The observations of substantial disruptions in disc overall axial stiffness and IDP generation are likely to be due to a cumulative effect of these deteriorations in material and structural properties that were simulated individually in the current model studies. Noteworthy is the substantial effect of such disruptions on the overall load sharing between the nucleus and annulus; the annulus share of applied compression substantially increases as the nucleus share drops as it relegates its important compression-carrying role.
The trends measured in vitro could not be seen in silico when considering an even smaller nucleus volume but with a fully saturated gap. On the contrary, with a free fluid flow into and out of the interface gap, the predictions were in better agreement with measurements. However, the rise in the IDP during recovery computed in REPL-98 FE alone with no other modifications, which was found to disagree with in vitro data, is likely to be due to the unrestricted fluid inflow allowed into the nucleus at its bounding surfaces. It should be mentioned that the aim of the FE simulations was not to mimic the in vitro measurements on sheep motion segments. It was rather to determine the influence of single parameters (water content, osmotic potential, etc.) on the global segmental behaviour in isolation in order to avoid confounding effects when altering different variables together. For this reason and to gain insight into the role of various parameters in disc replacements, a model of a human disc, rather than a sheep motion segment, was chosen. Also, apart from differences in loading, material properties and anatomy, in in vitro studies, however, a large number of parameters acted altogether to cause the changes recorded between different cases. Ovine spines were used in vitro because they show less degeneration and more uniform mechanical properties than elderly human spines. The nucleus water and collagen content are comparable between ovine and human intervertebral discs [21 -24] . However, one limitation could be the smaller size of sheep discs and the curvature of endplates in comparison with those of the human discs. Owing to the paucity of data on material properties and micro-anatomical characterizations of ovine specimens, for the FE analyses a human lumbar disc model was used. In order to enable a comparison between the results obtained in vitro and in silico, for both models associated physiological loads were applied. In the FE model, a compressive load of 500 N was assumed, representing the expected diurnal load for standing [14] . The spinal compression substantially increases in daily activities such as those involving forward flexed posture while carrying weights or under more dynamic diurnal activities [25, 26] . The results of this study on the relative effect of various replacement parameters, both in vitro and in silico, could hence alter when larger single and combined loads are considered.
After three cycles of compressive creep and recovery loading INTACT specimens with no disruptions showed a net loss of height. This is consistent with earlier in vitro results on porcine specimens in which no or In vitro and in silico investigations S. Reitmaier et al. 1877 limited recovery was found [15, 16] . This lack of full recovery may be due to a postmortem formation of blood clots within the endplates. In vivo IDP measurements in a human disc have, however, shown increases in nucleus pressure [27] , water content [28] and disc height [29, 30] during 7 h of rest. In the model studies, this in vitro phenomenon was taken into account by blocking the fluid inflow at endplates expected during the recovery phases of loading. It is to be noted that, with ageing and degeneration, the endplates calcify, which impedes free fluid flow. A replacement material for the nucleus, in vivo, should preferably be able to duplicate the intact nucleus in attracting fluid and regaining height during recovery periods.
The measurements and subsequent FE studies were performed under single axial compressive forces. Although the compression force is the primary component of load on spinal motion segments in various activities of daily living, sagittal, lateral and axial rotations are also present to various degrees in many tasks. These additional modes could influence the results directly by applying tension on the annulus defect or indirectly by increasing the disc pressure. In a preliminary test, we initially applied an unconstrained compressive force by combining flexion and compression loads together. Neither the combination of SG nor the annulus CD was found to withstand the stresses to seal the annulus defect and to avoid extrusion of the nucleus material. The interface between the annulus CD and the surrounding native tissue was in such cases of inferior quality to withstand the high nucleus pressure in combination with tensile forces. Therefore, pure compression loading was chosen to avoid nucleus extrusion. Future studies should focus on the annulus CDs to prevent extrusion under larger combined loads.
In this study, an intact annulus structure was assumed. FE simulation of an annulus defect and its subsequent repair attempts is very complex and requires specially designed measurements for adequate validation. Because the initial in vitro measurements confirmed the negligible effects of such isolated repaired annulus defects on disc height and IDP, no changes in the intact annulus were represented in the second part of the study on the FE replacement models. Moreover, the annulus -nucleus boundary is not clearly demarcated (especially in degenerate discs) and hence any attempt to remove the nucleus, even with care, can inevitably cause some damage and disruption to the inner annulus layers. The original nucleus material can also be left in place in some regions. Such considerations were neglected as they would require numerous studies with complex geometries. The overall trends, nevertheless, are expected to persist as in the current simulations. To simplify the analysis, the posterior bony elements, facet articulations and all ligaments were neglected. Under the posture and loading considered in this work, the facet joints play a relatively minor role by transmitting only about 10 per cent of the applied compression loads [31, 32] . The stresses and strains in the disc are hence expected to decrease by nearly the same proportion. Ligaments, on the other hand, are expected to play no or only a negligible mechanical role in pure compression.
In summary, in vitro results did not show any noticeable changes in the annulus defect when repaired. Significant changes in disc height and IDP were, however, measured when the nucleus material was also removed and replaced. While mimicking the nucleus replacement, subsequent model studies confirmed the substantial effects of reductions in nucleus water content, elastic modulus and osmotic potential on disc height loss and IDP, in overall agreement with measurements. They also demonstrated the marked alterations in overall load sharing between the nucleus and annulus regions of the disc. The success of hydrogels for nucleus replacements is not only dependent on the proper functioning of the implant material itself but also on the restoration of the overall disc environment, which is perturbed during removal and replacement operations. 
